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CHAPTER 1. GENERAL INTRODUCTION 
Int~oductc'on 
Fuel cell technology emerged in 1839 when William Grove discovered that water 
could be electrolysed into hydrogen and oxygen when an electric current was applied.l Since 
then, much work has been done to optimize the materials used in a fuel cell, from the anode 
and cathode to the membrane separating them. Fuel cells have much potential for being used 
in the automotive industry, or for more small scale industries, such as batteries for hearing 
aids. There are many different types of fuel cells that are suitable for different temperature 
ranges and environments. Automobile applications require fuel cells for intermediate 
temperature ranges (~<200 °C) and the use of a proton exchange membrane fuel cell 
(PEMFC) is the most common. Therefore, much research is being conducted to optimize the 
thermal and chemical stability, and ionic conductivity of materials for proton exchange 
membranes. 
A PEMFC has many advantages over typical internal combustion engines (ICE). The 
first main reason is the environmental impact. The only product of a PEMFC is water and 
heat when the reactant gases are hydrogen and oxygen, so it is termed "zero emission".2 This 
fuel cell characteristic makes it very attractive to the automotive industry which is striving to 
reduce pollutant emissions from automobiles which make up about half of the total air 
pollution in the United States.3 Another advantage of fuel cells over ICEs is the efficiency. 
A typical ICE has an efficiency of about 30°Io while a fuel cell, depending on the operating 
temperature, can have efficiencies ranging from ~62 to 83%.2 Finally, fuel cells are much 
more mechanically simple compared to ICES which increases their lifetime and makes them 
much more reliable than ICEs. All of these advantages outweigh the possible drawbacks 
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involved with using pure hydrogen as a fuel and the associated cost involved with building a 
fuel cell stack. Thus far, research into all aspects of a fuel cell has been widespread and 
popular. 
Thesis ~~ganization 
This thesis is divided up into three sections. The introduction provides a basic 
discussion of the fuel cell and motivations for investigation into proton exchange 
membranes. The background discusses the electrochemistry of fuel cells and basic 
information about Nafion° . There is a literature review of binary alkali germinates, ternary 
alkali silicogermanates, and alkali thio-hydroxogermanates, indicating the motivation for the 
study of the next logical stop, doped ternary alkali thio-hydroxogermanates. The planetary 
milling synthesis method is also discussed. Chapter two presents a paper to be published in 
Chemistry of Materials on rubidium thio-hydroxosilicogermanates. The next chapter 
presents general conclusions and future research. 
Lite~atu~e Review 
Fuel Cell Design 
A PEMFC has a proton conducting membrane surrounded by an anode on one side 
and a cathode on the other, Figure (1). Both the anode and cathode are connected to the 
electrolyte by a catalyst. The catalyst is a porous, high surface area material that is generally 
platinum powder supported on carbon paper. The porosity and surface area increase the 
amount of surface area in contact with the gas, either hydrogen or oxygen. A three phase 
contact is required where the gas, electrode, and electrolyte are all in contact so that the 
electrons from the incoming H2 gas are able to go to the circuit to produce work and the 
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protons split by the catalyst from the H2 gas are able to go through the electrolyte to 
recombine with oxygen to form water.2
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Figure 1: PEM fuel cell demonstrating the oxidation and reduction of hydrogen and oxygen, respectively4
Hydrogen is fed to the anode with channels etched in it which works to distribute the 
hydrogen fuel over the whole surface of a catalyst. The hydrogen is then oxidized by the 
catalyst which releases protons and electrons via the following half-cell reaction, Equation 
(~)• 
2H2 --~ 4H+ + 4e- (1) 
The electrons are conducted by the anode to the external circuit to do work and the protons 
are conducted to the cathode by the proton exchange membrane. Oxygen is fed to the 
cathode, also etched with channels to distribute the gas over the catalyst, where it is reduced 
according to the following half-cell reaction, Equation (2). 
02 + 4e- + 4H+ —~ 2H2O (2) 
The oxygen atoms produced by the catalyst are negative and attract the positively charged 
protons through the electrolyte. The two oxygen atoms formed for every mole of oxygen gas 
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react with the four electrons conducted through the external circuit and four protons 
conducted through the membrane to produce two moles of water. Therefore, the only by 
product of a PEMFC is liquid water or steam, depending on the operating temperature, and 
heat. 
If the two half-cell reactions from above are combined, the overall reaction of a single 
cell is the following, Equation (3). 
H2 +~/202 -~ H2O +Heat (3) 
This overall cell reaction produces 1.23 volts at STP.2 In order to produce enough voltage to 
be useful, many cells must be combined into a stack via bipolar plates. A bipolar plate 
connects the anode of one single cell with the cathode of another single cell in a series 
connection. 
Proton Exchange Membrane Electrochemistry 
There are many aspects that affect the overall energy produced by a fuel cell. The 
Gibbs free energy in terms of enthalpy, H, and entropy, S, is shown in Equation (4). The 
change in the molar Gibbs free energy of formation is important in a fuel cell and is shown in 
Equation (5) with temperature as a constant. The change in the molar Gibbs free energy of 
formation is the difference between the products and reactants from Equation (3), as shown 
in Equation (6). The Gibbs free energy of formation changes with temperature and this is 
summarized in Table (1). 
G=H—TS 
Og f =Oh f —TOs 
1 — 
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Table l : Change in molar Gibbs free energy of formation for H2+1/20 2=H2O at different temperatures at 
standard pressure 2
Form of Water Product Temperature, °C Dg f, kJ/mol 
Liquid 25 -237.2 
Liquid 80 -228.2 
Gas 80 -226.1 
Gas 100 -225.2 
Gas 200 -220.4 
Gas 400 -210.3 
Gas 600 -199.6 
Gas 800 -18 8.6 
Gas 1000 -177.4 
The electrical work done by a fuel cell is calculated by multiplying the charge by the 
voltage by 2 because two electrons pass through the external circuit for every mole of 
hydrogen. Assuming a fuel cell to be completely reversible because there are minimal to no 
losses so that the Gibbs free energy released is equal to the electrical work done, allows the 
reversible open circuit voltage or EMF, E, to be calculated by Equation (7). Therefore, using 
Equation (7) along with Table (1), a fuel cell operating at 100°C would have an EMF of 1.17 
V. 
_O
gfE _ 
2F 
(~) 
Pressure and concentration of products and reactants, along with temperature play a 
role in the total EMF obtained from a fuel cell. The activity of the gases from Equation (3) is 
a relationship between the partial pressure of the reactant or product and the pressure of the 
reactant or product at standard pressure. The activities for the gases in Equation (3) are as 
follows, Equation (8). When the water product is liquid, the activity is assumed to be one. 
a H2~ _ ~ 
P H2O 
PHZo
a _  PH HZ 1, o 
H, 
_ ~O a o2 — o P ~2 
($) 
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The molar Gibbs free energy of formation is therefore a function of the molar Gibbs free 
energy of formation at STP, temperature, and the activities of the products and reactants, as 
follows, by Equation (9). By substituting the activities with the pressure relationships from 
Equation (8), Equation (9) results. 
~ ~ 
—o ax2o
Og f =ag f —RTIn  1
\ ax2 a ~2 2 / 
(9) 
The Nernst equation, Equation (10), results when the molar Gibbs free energy of 
formation is converted back to energy via Equation (7). The voltage that is calculated from 
the Nernst equation is the reversible cell voltage at a given pressure and temperature, or the 
Nernst voltage. Equation (11) shows the relationship between temperature and pressure on 
the maximum reversible cell voltage where as the temperature is increased, or the reactants 
pressure quotient is less than the product water pressure, the reversible cell voltage (open 
circuit voltage) decreases. 
E=E"— R~ln 
2F 
~ ~ 
a x,o 
1 
~ aH~ ao~ 2 i 
o R7' Px2o E_E — In  1
2F p p 2 
~ x2 02 / 
(10) 
There are many factors that work against the overall desire for a high open circuit 
voltage, but with the correct combination of materials these losses can be reduced. An 
electrolyte with a very low electronic conductivity, high proton conductivity, and high 
mechanical integrity in a thin film form, for example, is desired. The electrolyte is the most 
important part of a fuel cell and without a high proton conducting material, the use of a fuel 
cell is unrealistic so it is critical that research is performed to develop a stable, high proton 
conducting material. With the optimum combination of these properties, an intermediate 
temperature fuel cell will have the ability to compete with current ICE's. 
Mechanisms of Proton Transport 
There are two primary mechanisms by which a proton can move through an 
electrolyte. The first conduction mechanism involves the proton moving through the 
material via a larger species, such as an H3O+ ion, called the vehicle mechanism.5 As the 
proton diffuses with the H3O+ vehicle there is a counterdiffusion of unprotonated vehicles, 
H2O, which allows for a net transport of protons. When the proton sits on a vehicle, but is 
transferred to another vehicle via a hydrogen bond it is called Grotthuss mechanism, or 
proton hopping. 5 The reorientation of species, usually solvent dipoles, leads to the formation 
of a pathway for the proton to migrate. 
Polymer Electrolytes for PEMFCs 
Presently, some of the best materials for intermediate temperature fuel cells are 
polymers. An intermediate temperature fuel cell operates from around 80 °C up to 300 °C 
and is optimal for the automotive industry. One particular polymer that has received much 
interest is Nafion° . Nafion°  has a perfluorinated backbone (Teflon° ) with sidechains that are 
terminated by acidic —SO3H groups which was developed by DuPont. The Teflon°
backbone makes Nafion°  chemically inert and the sulfonic acid end groups give it its cation 
exchange capability. The mechanism of water conduction in Nafion°  involves the vehicle 
mechanism where a proton will move with one water molecule to form, H3O+.1 In a fuel cell 
there is back diffusion of neutral water molecules as the hydronium ion moves from anode to 
cathode which keeps the net transfer low. For an acidic polymer, the lower the equivalent 
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weight of the polymer, the higher the conductivity because there is a higher concentration of 
active sulfonic acid groups present which contribute to the proton exchange. The equivalent 
weight is a measure of the mass of the polymer per active sulfonic acid group. For Nafion°
117 which has an equivalent weight Of 1100 and at a thickness of 178 ~Cm and at 80 °C, the 
conductivity is 0.17 (SZcm)- ~.1
A major drawback of perfluorinated membranes such as Nafion°  is its dependence on 
humidity and cost. These polymers require very high levels of hydration (~ 100% RH) and at 
temperatures above ~ 100 °C at atmospheric pressure, they dehydrate rapidly and the 
conductivity decreases drastically. Therefore, fuel cells operating with perfluorinated 
polymers typically operate at ~80 °C and have humidified reactants. The cost of Nafion°  is 
between 500 and 1000 $/m2 making it very costly for use in commercial fuel cells.l There is 
therefore a drive to produce cheaper membranes with conductivities comparable to Nafion°
but at higher temperatures. 
Solid Ceramic Materials for PEMFC's 
Binary Hydrated Alkali Germinates 
The use of ceramic materials is very attractive for use as PEMFCs due to their 
increased thermal stability over polymeric materials. They are also, in general, cheaper to 
produce and have higher mechanical strength. Many hydrated oxide materials have been 
made that have proton conductivities in the intermediate temperature range, ~ 100-300 °C 
using a hydrothermal synthesis method. One such material is Na3HGe~O16•xH2O where x=0-
6. 
Na3HGe~O16•xH2O was synthesized under hydrothermal conditions with an aqueous 
mixture of NaOH and a-quartz GeO2 at 150-180 °C.6 GeO2 and aqueous NaOH first formed 
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an aqueous gel with the composition Na20•Ge02.80H2O. It was then crystallized in a 
stainless steel autoclave lined with Teflon under autogeneous pressure for 3 days at 180 °C. 
The crystalline product of Na3HGe~016•xH2O was filtered, washed with distilled water, and 
dried at room temperature. The ratio of Na20 to Ge02 was found to be critical in that a ratio 
higher than 1.5 leads to the dissolution of the sodium-germanate product and a ratio less than 
1.0 leads to unreacted Ge02.6
From x-ray diffraction, the structure was found to be cubic with a combination of face 
and edge sharing Ge06 octahedra which corner share to Ge04 tetrahedra. The mobile 
sodium cations and water molecules are located in connecting cavities within the rings. The 
unit cell parameter was a=7.72 (3) angstroms.6 Upon heating Na3HGe~016•xH2O to above 
160 °C, the structure decomposed to Na3HGe~016•xH2O where x=0-4. The structure of the 
decomposed material is different from the composition with six water molecules in that the 
unit cell parameter is smaller due to the loss of water molecules that are part of the structural 
template. 
Differential thermal and thermogravimetric analysis (DTA and TGA) was performed 
at a heating rate of 4 °C/min in air. There is a ~ 1 %weight loss from 20-50 °C indicating the 
loss of surface water. Constant weight loss was observed between 160 and 450 °C in the 
TGA indicating the slow loss of the six H2O molecules. There are three sharp endothermic 
peaks in the DTA between 160 and 210 °C also associated with the loss of six H2O 
molecules. Above 160 °C there is an irreversible structural change due to the loss of 2 
water molecules. However, water loss is completely reversible at temperatures up to 120 °C 
as observed in the TGA. At 556 °C in the DTA, there is a large exothermic peak associated 
with the decomposition of Na3HGe~016•xH2O where x=0-4 to Na4Ge90 20 and Ge02.6 
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Ionic conductivity of the two hydrated samples was performed on pressed pellets with 
the faces painted with platinum ink for electrode connection at a frequency range of 10 Hz to 
65 kHz and a heating rate of 2 °C/min up to 420 °C. It was found that there were three 
activation regions for the hydrated with six H2O molecules sample, Figure (2). 
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Figure 2: Ionic Conductivity of Na3HGe~OIb•6H2O, Na3HGe~016•4H2O, and Na3HGe~016 6 
From 20-50 °C, the activation energy was 0.33 eV due to the motion of surface protons 
followed by a loss in conductivity due to the loss of these protons. From ~94-155 °C, the 
activation energy was 1.75 eV due to either [Na(H20)n]+ and/or H30 + ions. When the water 
is lost at ~ 160 °C, the conductivity decreases until 246 °C where the conductivity increases 
again with an activation energy of 0.72 eV. Upon cooling, the conductivity follows with the 
same activation energy as seen upon heating between 246 and 450 °C.6
Conductivity measurements were ran on the partially dehydrated sample, 
Na3HGe~016•4H2O, Figure (3). It is observed that above 246 °C, the conductivity of the 
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partially dehydrated sample with four water molecules is the same as the Na3HGe~016•6H2O 
sample which has lost water due to the elevated temperature. Measurements were also run 
on the totally dehydrated sample Na3HGe~016, also in Figure (3). It was observed that the 
conductivities of the two samples, Na3HGe~016•4H2O and Na3HGe~016 are very similar, 
because the completely dehydrated sample is able to absorb water from the atmosphere 
during the run, rehydrating. The conductivity was found to be highly dependent on 
temperature and water content in that as temperature increases and water content decreases, 
the activation energy decreases. This is explained by the changes in structure and the 
different species that are moving. 
A conductivity isotherm at 50 °C shows a fast decrease in conductivity from ~ 150 x 
10.4 to ~0 x 10.4 (SZ cm)-1 during the first 20 minutes, then an increase in conductivity up to 
100 x 10.4 (SZ cm)-1 followed by a slow decrease until about 80 minutes where the 
conductivity levels off at ~50 x 10
.4 (SZ cm)-1, Figure (4).6 These variations in conductivity at 
50 °C are due to the level of surface protons within the sample. 
12 
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Na3HGe~016-6H2O has a strong dependence on the level of humidity at lower 
temperatures, as observed in Figure (4). It was observed that for the sample at 50 °C, there is 
a strong increase in conductivity as compared to the samples at 100 and 120 °C. The two 
higher temperature samples are saturated so there is a very small overall additional uptake of 
water. 
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Figure 4: Dependence of conductivity on humidity for Na3HGe~016•6H2O at 50, 100, and 120 °C6
The mechanism of conduction was determined via a plot of log conductivity versus 
log PHZo at 120 °C. Above 300 mmHg, the slope was constant at 1.5 indicating the 
solvation number of sodium ions on the surface was 3. This result shows that between 50 
and 120 °C, the mobile conducting species are protons Or H3O+ ions because the solvation 
number associated with Na(H2O)n+ species must be greater than 4.5.6 Investigation into the 
ionic conductivity of other alkali metal cation germanates was performed to determine the 
effect Of the alkali cation size on the conductivity. 
The preparation of M3HGe~O16•xH2O where M=K, Rb, and Cs was synthesized the 
same as described above for Na3HGe~O16•6H2O. Li3HGe~O16•6H2O was prepared via ion-
exchange of Na3HGe~O16•4H2O in 2M LiCI solution because GeO2 could not be dissolved in 
the aqueous solution of LiOH.~ The crystal structures of similar materials, 
M3HGe~O16•xH2O, M=K, Rb, Cs, with slightly different water contents were determined by 
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XRD. K3HGe~016•3.1 H2O, Rb3HGe~016•3.1 H2O, and K3HGe~016•2.3H2O were found to 
crystallize in the I23 space group with a=15.34960(4), 15.45998(4), and 15.56660(4) 
angstroms, respectively.$ When the samples were partially dehydrated the structure was 
found to change to a P43m space group for samples, Rb3HGe~0~6.0.69H2O and 
Cs3HGe~016•0.70H2O; the potassium sample converted to aface-centered cubic structure 
with a lattice parameter that was very similar to the BCC form, a=15.0844(2} angstroms.$
From DTA, it was observed that Rb3HGe~016•xH2O had the highest decomposition 
temperature (760 °C}, followed by K (680 °C), Cs (640 °C), and Li (260 °C), 
M3HGe~016•xH2O.~ Rb3HGe~016•xH2O had the highest decomposition temperature 
indicating that the rubidium ion sits best in the structural cavities compared with the lithium 
and cesium ions which destabilize the structure. Between 25 and 350 °C water loss is 
observed by both endothermic peaks in the DTA and weight loss in the TGA. Cooling 
curves in the TG showed that for the potassium, rubidium, and cesium systems the samples 
were completely rehydrated indicating the reversible weight loss mechanism similar to 
zeolites. 
Ionic conductivity of the heavier alkali germanates, K3HGe~016•4H2O and 
Rb3HGe~016•4H2O showed transitions based on the movement of different species, similar to 
Na3HGe~016•6H2O~, discussed previously. Figure (5) shows the sodium, potassium, 
rubidium, and cesium germanates with four waters of hydration. The rubidium sample 
shows a loss in conductivity from room temperature to ~ 145 °C due to the loss of a type of 
water, but then shows an increase in conductivity from 145 °C to 300 °C indicating the 
movement of a different water type. Cs3HGe~016•4H2O does not show any variations in 
conductivity over the temperature range sampled, RT to 420 °C indicating the lack of any 
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sort of water motion or loss. Due to the large size of the cesium ion, it is believed that that 
cesium ions are restricted from diffusion by the water molecules, [Cs(HZO)X]+ ~ 
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Figure 5: Ionic conductivity of M3HGe~016•4H2O where M=Na, K, Rb, Cs6'~ 
The ionic conductivity of the dehydrated M3HGe~016, M=Na, K, Rb, Cs was 
investigated to determine the effect of alkali cation size on conductivity. It was found that as 
the cation size increases, the activation energy decreases leading to an increase in 
conductivity due to the decrease in the effective charge on the cation; this resulted in a 
weaker interaction between the negative framework and larger cation. Figure (6) shows the 
ionic conductivity of the dehydrated samples with the largest cation, cesium, showing the 
highest conductivity. The conductivities were observed to be moderate and it was found that 
the addition of a second metal doped on germanium sites was found to weaken the 
electrostatic interaction between mobile cations and increase the overall conductivity. 
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Figure 6: Ionic conductivity in argon of dehydrated M3HGe~016, M=Na, K, Rb, Cs6'~ 
Hydrated Alkali Silicogermanates 
The addition of silicon dioxide to the previously mentioned M3HGe70 16•xH2O where 
M=K, Rb, Cs was found to decrease the electrostatic interaction due to the more covalent 
nature of the Si-O bond. This polarizes the oxygen more strongly towards silicon to give the 
framework oxide a lower effective charge, Zeff~ which increased the overall conductivity.9
M3HGe~_mSim0 16•xH2O, M=K, Rb, Cs, was synthesized by reacting Ge02 and aqueous alkali 
metal hydroxide to form a solution. An Si02 sol was then added to the solution and placed in 
a stainless steel autoclave lined with Teflon to crystallize the aqueous gel. It was allowed to 
react at 200 °C for 7 to 10 days depending on the desired product and alkali hydroxide used. 
It was then filtered, washed with distilled water, and dried at room temperature.9
The silicon atoms are generally four coordinated by oxygen atoms so they were found 
to substitute for germanium in the tetrahedral positions, rather than the octahedral sites. A 
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Si02/Ge02 ratio greater than one led to unreacted Si02 in the product. The maximum 
number of silicon atoms allowed in the formula is less than three. The structure of M3HGe~_ 
mS1m0 16•xH2O was found to be similar to the structure of M3HGe~016•xH2O with just a peak 
shift to higher degrees (28) in the XRD, indicating smaller unit cell parameters. 
The DTA scan showed that the decomposition temperatures of the silicon doped 
germanates were 40 to 50 °C higher than the undoped germanates with values of 750, 720, 
and 700 °C for the Rb, K, and Cs silicon doped germanate samples, respectively. The TG 
heating and cooling curves found the silicogermanates to have reversible water loss similar to 
the parent germanate samples. The moles of water in the samples was measured to be 
x~4±0.9 for the three different alkali silicogermanates.9
There were numerous differences between the alkali germanates and alkali 
silicogermanates in the infrared spectra. For the vibrational spectra of the undoped 
germanates, Ge-O and Ge-O-Ge asymmetric stretching vibrations are at 773 and 790 cm-1, 
respectively, while the Ge-O and Ge-O-Ge symmetric stretching vibrations are at 527 and 
620 cm-1, respectively. The bending vibration mode for Ge-O is observed at 485 cm-1.9 For 
the silicogermanates, vibrations were also observed at 914 and 973 cm-1 for Si-O and Si-O- 
Ge asymmetric stretching modes, respectively. Modes at 789 and 850 cm-1 were observed 
for the Ge-O and Ge-O-Ge asymmetric stretching vibrations, respectively, but they were 
much reduced compared to the undoped germanates due to the decrease in germanium 
content.9 All of the vibrational modes observed in the FTIR were found to be shifted to 
higher wavenumbers for the silicogermanates over the undoped germanates, indicating 
stronger bonding in the silicogermanates structure. 
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Ionic conductivity showing the variation of conductivity with temperature was 
measured for dehydrated K3HGe~_mSi,710 16, m=2.5, 2.2, 1.6, 0, to determine the effect of 
doping silicon On germanium sites, Figure (7). 
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Figure 7: Ionic Conductivity of M3HGe~_mSim0 16 where M=K, Rb, Cs~ 
The potassium silicogermanates all had higher conductivities, lower activation energies than 
the undoped potassium germanate indicating a reduction in the electrostatic interactions 
between framework oxygens and mobile cations.9 A weaker interaction between framework 
oxygen and mobile cation results in faster cation mobility. Dehydrated cesium and rubidium 
silicogermanates were also shown to have increased conductivity over their germanate 
counterparts, Figure (7). 
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The concept of doping more covalent materials on germanium to increase ionic 
conductivity can be used with other factors to increase the conductivity even more. Sulfide 
glasses have been found to have an increased ionic conductivity over their oxide counterparts 
due to the higher polarizability of sulfur so a binary mixed oxy-sulfide alkali germanium 
material or even a ternary mixed oxy-sulfide alkali germanium/other metal should have an 
increased conductivity over an all oxide system.lo, 11, 12 Oxy-sulfide glasses have been made 
in the Li2S-SiS2-LiXMOy (M=Si, P, Ge, B, A1, Ga, In) system at a lithium ortho-oxosalt 
concentration of ~5 mol°Io. The corresponding ionic conductivity is found to be the same as 
the base sulfide glass, ~ 10-3 (SZcm)-1 at room temperature, however, further additions of 
ortho-oxosalt leads to a decrease in conductivity. Additionally, the thermal stability is 
increased for the oxysulfide systems over the all sulfide base glass indicating the benefit of 
the addition of oxygen.l3
Binary Hydrated Amorphous Alkali Thio-Hydroxogermanates 
Amorphous, hydrated alkali thio-hydroxogermanates were synthesized by our group 
at ISU with the idea that the addition of sulfur to hydroxogermanates would increase the 
proton conductivity while still maintaining good chemical and thermal stability. Binary 
alkali hydroxogermanates were discussed above and were found to have an ionic 
conductivity of ~ 10-5.52 (SZcm)-1 at 120 °C for crystalline Na3HGe~O16•6H2O.6 Amorphous 
Na3GeS3(OH) was found to have a conductivity of ~ 10-2~5 (SZcm)-1 at ~ 120 °C, indicating the 
benefit of the addition of sulfur over an all oxide framework.14 For all compositions 
measured, conductivity values ranged from 10-3 to 10-2 (SZcm)-1 for the temperature range, 
I00 to 300 °C. 
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Amorphous alkali thio-hydroxogermanates were synthesized via a solution, 
evaporation route from an aqueous solution of alkali hydrosulfide, MSH, and quartz-type 
Ge02. MSH was synthesized at room temperature through a reaction of the corresponding 
alkali hydroxide, MOH, and liquid H2S.~5 The thio-hydroxogermanate reactions are written 
as follows, Equation (12). 
xMSH + Ge0 2 + (y + 2 — x)H 2 0 ~ M~GeS~ (OH ) 4_ X • yH 2O,1 < x _< 4 (12) 
Stoichiometric amounts of the alkali hydrosulfide and Ge02 were dissolved in 5 mL 
deionized water supersaturated by stirring and heating at ~75 °C until dry. The samples were 
then dried under vacuum and placed in a dry helium atmosphere. Reaction products were 
M2GeS2(OH)2•yH2O for 2MSH+Ge02+nH2O, M3GeS3(OH)•yH2O for 3MSH+Ge02+nH2O, 
M4GeS4•yH2O for 4MSH+Ge02+nH2O, and ~MGeS(OH)3 for MSH+Ge02+nH2O, which 
was not a pure hypothetical phase for MGeS(OH)3.14 The water content is correlated to the 
quantity of alkali present. 
X-ray diffraction results indicated the alkali thio-hydroxogermanates were 
amorphous, consistent with the evaporation-precipitation synthesis method performed at ~75 
°C. There was no evidence of unreacted starting materials, MSH or Ge02. Crystalline 
products of Na2Ge52(OH)2•SH2O16'l ~ and Na3GeS3COH)•8H2O17 were obtained by using 
excessive amounts of acetone at room temperature. Structural features from infrared 
spectroscopy found asymmetric Ge-O vibrational modes between 754 and 820 cm-l. A mode 
between 820 and 830 cm-1 was attributed to Ge-O- (M+) stretching mode. Asymmetric and 
symmetric Ge-S- stretching modes are between 403 and 548 cm-1 and decrease in frequency 
with increasing alkali modifier. Water bands between 3331 and 3416 cm-1 are O-H 
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stretching modes and between 1630 and 1668 cm-1 are H-O-H bending modes, respectively. 
Ge-S-• • •H20 bands are around 2136 and 2160 cm-1 14 
Differential scanning calorimetry, DSC, measurements were performed in 
hermetically sealed sample pans and showed sharp endothermic peaks between 176 and 275 
°C indicating the suppressed boiling point of water. The higher pressures present in the DSC 
pans, ~2 atmospheres, minimizes sample dehydration providing phase stability. The cesium 
samples had the highest endothermic peak onset with sodium having the lowest. As the 
alkali content increases, the peak onset decreases indicating a less stable system. TGA mass 
loss was constant above ~75 °C, the synthesis temperature, Figure (8). 
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The first inflection point observed in the TGA is attributed to the loss of molecular water, 
225 to 275 °C while the second inflection point is the thermal decomposition of the structural 
hydroxyl groups, 400 to 450 °C,14 
Conductivity measurements were performed in Teflon 1z sleeves with hardened steel 
electrodes in an alternating current Gamry Potentiostat. Typical pellet thicknesses were ~0.5 
mm pressed at 562 MPa. Two heating cycles were ran with the first cycle collected from 
heating for the first time and the second heating cycle performed on the sample that was 
already heated and cooled back to room temperature. Figures (9) and Figure (10) show the 
conductivity results for 2MSH+Ge02+yH2O and 3MSH+Ge02+yH2O, respectively. The 
conductivities were highly dependent on water content with sodium thio-hydroxogermanates 
having the highest water content, followed by cesium, rubidium, and potassium. The second 
heating cycles for both the 2MSH+Ge02+yH2O and 3MSH+Ge02+yH2O samples indicate a 
structural change with no proton mobility due to water Ioss below 300 °C. The second 
heating cycle is therefore a measure of alkali mobility, with the smaller alkali atoms having a 
higher mobility over the larger ones, in general. 
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The proton conductivity of the amorphous hydrated alkali thio-hydroxogermanates is 
mediated by the presence of hydrated water and intrinsic bound hydroxyl groups. It was 
observed that as water content increased, as did conductivity, which would lead to a decrease 
in intrinsic OH- vacancies. The proton conduction mechanism was therefore not OH-
hopping but a free proton mechanism.14 A study was conducted to determine the effect of 
humidity level and dwell time on the conductivity. The dwell time is the amount of time the 
sample was held at a certain temperature between conductivity measurements. The shorter 
the dwell, the less time available for water to be lost between measurements which should 
lead to higher conductivities. Figure (11) shows various dwell time and humidity levels for 
Cs2GeS2(OH)Z~xH2O.18
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Cs2GeS2COH)2•xH2O's stability with time at 120 °C was tested at both ~0% and -~-6% 
relative humidity levels. Humidity was generated by bubbling dry air through water at ~50 
°C. At 0% relative humidity, the conductivity was found to drop off quickly, ~3 orders of 
magnitude in ~ 1 day. With just 6% relative humidity, the decrease in conductivity was much 
more gradual, ~2.5 orders of magnitude over almost 3 weeks, Figure (12).1 g There was also 
an increase of ~ 1 order of magnitude in conductivity at zero time for the 6% RH run over the 
0% RH run indicating the strong dependence on humidity level. 
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RH~ g
Thermal cyclability of the alkali thio-hydroxogermanates was tested by using infrared 
spectroscopy to determine the effect of temperature on the structure of the material upon 
dehydration and rehydration. Samples were placed in a nitrogen glove bag in an infrared 
spectrometer and heated from room temperature to 300 °C to determine if there were any 
structural changes upon the loss of water. For the cyclability measurements, the sample was 
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exposed to air for one hour between cycles. Figures (13) and (14) show the infrared spectra 
of Rb2GeS2(OH)2•yHZO and KZGeS2(OH),ryH2O, respectively, with spectra shown upon 
heating above room temperature. It was observed for both the potassium and rubidium 
samples that there was no structural changes to Ge-O or Ge-S bonds indicating the materials 
are stable above 200 °C.'~ There is a noticeable decrease in the bending mode of water at
1600 cm-1 which corresponds well with what was previously reported via TGA 
measurements that there is a slow loss of water above the synthesis temperature of ~75 °C.14
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The ability of these alkali thio-hydroxogermanates to be regenerated upon 
dehydration was verified by infrared, shown in Figure (15). As the sample was heated, there 
is a noticeable decrease in the intensity of the water bands, 8(H20) and v(O-H), however, 
upon exposure to air for one hour after the heating cycle, the modes are found to recover and 
have comparable intensities to the sample prior to dehydration.19 Three cycles were 
performed and the Rb2GeS2(OH)2•yH2O sample was found to completely regenerate, much 
like zeolites. 
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The binary hydrated alkali thio-hydroxogermanates were found to have high proton 
conductivities in the temperature range of 100 to 300 °C, 10-3 to 10-2 (SZcm}-1 ~ respectively. 
The addition of a second metal doped on the germanium sites may increase the overall 
conductivity, as observed for the alkali silicogermanates, discussed above. An increase in the 
low temperature conductivity is desired in order to increase the possibility of these materials 
being used as intermediate temperature fuel cell membranes. Therefore, work will be 
conducted in order to improve upon the alkali thio-hydroxogermanates properties, including 
conductivity and thermal stability in contact with high levels of humidity. 
Mechanochemical Synthesis 
Mechanochemical synthesis methods are very useful when not wanting to work at 
high temperatures and when fairly unreactive materials are being used, such as ceramic 
oxides. Grinding can take place in either wet or dry conditions with dry conditions typically 
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influenced by water or hydroxide groups that are present in the starting material. A planetary 
mill works by using the high energy impact associated with grinding balls and the friction 
between grinding balls and the wall of the grinding bowl. The bowl with grinding balls and 
material are rotated around their own axis which is counter rotated on a supporting disk. 
Initially the force resulting from rotation of the grinding bowl when the mill is started causes 
the grinding balls to rub against the wall of the grinding ball, crushing the material. After the 
mill is running, centrifugal forces from the supporting disk takes over and the grinding balls 
cross the grinding bowl and impact the opposite wall with high speeds, crushing the material. 
Final particle sizes are less than one micron. Grinding bowl and media have a very good 
resistance to abrasion and are made of 94.8°Io Zr02 for these experiments. 
Various studies have been done using mechanochemical synthesis on the alkali earth 
oxides and hydroxides and silicon dioxide systems. Wet grinding of Ca(OH)2 and silica gel, 
Si02 were performed in a planetary mill with distilled water. The Ca/Si ratio was varied 
from 0.5 to 3.0. A rotational speed of 700 rpm was used and the milling time was varied 
from 15 minutes to 9.5 hours.20 It was determined that when the Ca/Si ratio is 0.83, the 
tobermorite (Ca5(OH)ZSi60 164H2O) structure is obtained upon milling at 700 rpm for 5 
hours. The solid to water ratio was'/a. Samples that were planetary milled were compared to 
a sample that was prepared in an autoclave and the level of crystallinity of the milled samples 
were not as good as the autoclaved sample indicating that planetary milling produces more 
semi-crystalline or amorphous materials. Guomin et. al. determined that the addition of four 
times more water in the milling process produced the best tobermorite synthesis.20 If less 
than four times more water was added, the particles adhered to the ball media and if more 
30 
than four times was added, much longer milling times were needed in order to produce the 
desired structure. 
Similar results were found within the Mg0-Si02 system. Samples were synthesized 
in a 3:4 ratio of Mg(OH)2 to Mg(OH)2-Si02 mixture in a vibration mill or just Mg(OH)2 was 
ground and milled. From x-ray diffraction, amorphous materials developed after 2 hours of 
grinding for the grinding of the mixture.2 ~ When just Mg(OH)2 was ground, peaks associated 
with Mg(OH)2 were still present after 48 hours. It was concluded that the presence of a 
second component, Si02, strongly influenced a mechanochemical change. The reaction 
mechanism was determined to be through the dissolution of Si02 and Mg(OH)Z through the 
water that was present in the sample or was absorbed from the air.21 This concept of milling 
alkaline hydroxides and metal oxides will be applied towards alkali hydrosulfides and 
germanium and silicon oxides. 
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF 
HYDRATED ALKALI THIO-
HYDROXOSILICOGERMANATES USING 
MECHANOCHEMICAL HYDROTHERMAL SYNTHESIS 
A paper to be submitted to Chemistry of Materials 
Carly R. Nelson 1, Sarah Olson2, Steven A. Poling3, Steve W. Martino
Abstract 
The synthesis, structure, and proton conductivity of the hydrated thio-
hydroxosilicogermanate RbZGeXS11_XSZ(OH)o_Z•yH2O (2 <_ z <_ 3; 0 < y < 1.7) are reported. X-
ray diffraction indicates that these materials are amorphous and show no unreacted starting 
materials which is consistent with the mechanochemical hydrothermal evaporation-
precipitation synthesis method. Infrared spectroscopy shows a mixed system with both 
silicon and germanium central anions with vibrational modes at 950, 780, 667, and 450 
cm- ~ associated with asymmetric modes for Si-O, Ge-O, Si-S, and Ge-S, respectively. O-H 
stretching and bending modes are present at 3370 and 1655 cm-1, respectively with the 
intensities of both modes decreasing with the addition of Si02. Raman spectroscopy reveals 
a system with symmetric stretching of the Ge-S unit at 420 cm- ~ . Anew peak appears at 
460 cm-1 with the substitution of Sio+ for Geo+. There are weak peaks above 460 cm-1 that 
can be attributed to H2O and O-H liberation modes. Thermogravimetric analysis shows that 
water loss begins above the synthesis temperature of ~75 °C. AlI water is lost by 300 °C 
which is consistent with the onset loss of conductivity. Alternating current impedance 
measurements performed on low pressure sealed pellets show conductivity values ranging 
from 10-5 to 10-2~5 S/cm from ~ 100 to 260 °C. Maximum conductivity values of 10-0.5 and 10-
3.s S/cm at 120 °C are obtained for 2RbSH + 0.9Ge02 + 0.1 Si02 + 0.8H2O and 3RbSH + 
0.9Ge02 + 0.1 Si02 + 1.1 H2O, respectively. Humidified d.c. impedance experiments resulted 
i Primary research and author 
2 Undergraduate research assistant 
3 Post-Doctoral researcher 
4 Author for correspondence 
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in large increases in the proton conductivity at low temperatures. For x=0.9 and 0.8 for the 
2RbSH + xGeO2 + (1-x)SiO2 + yH2O samples, the humidified d.c. conductivity was ~ 10.4
S/cm at 60 °C, up from ~ 10-g S/cm for the non-hydrated runs. The effects of water and SiO2
content on the proton conductivity are also discussed. 
Int~oduct~'on 
The need for alternative energy sources has increased greatly over the past few years 
due to high gasoline prices and stricter pollution regulations. Research into H2-02 fuel cells 
for intermediate temperature (~ 100-300 °C) provides possible solutions to these problems 
with H2-02 fuel cells having zero emission and using hydrogen and oxygen as fuels. The 
heart of the H2-02 fuel cell is the proton exchange membrane (PEM) which works to 
transport proton species from the anode to the cathode, thus creating electricity. A common 
material for the PEM is Nafion, a hydrated perfluorinated polymer, which has a proton 
conductivity of ~ 10-077 (SZcm)-1 at 80 °C under much hydrated conditions; however, various 
other polymers have proton conductivities high enough for fuel cell applications.1,2,3,4 Work 
has been performed to develop a material for the PEM that does not rely on such high levels 
of hydration in order to have high proton conductivity. 
Previous work on ceramic materials, which are more thermally stable than polymeric 
materials, have resulted in proton conductivities of ~ 10-2 (SZcm)-1 at 120 °C and thermal 
stabilities up to 300 °C for hydrated heavy alkali thio-hydroxogermanates.5'6 These high 
proton conducting materials are of the form MxGeSX(OH)4_x•yH2O where M=Na, K, Rb, Cs, 
1 <x<4 and 0<y<8. It has been shown that mixed oxysulfide systems have higher ionic 
conductivities than their oxide counterparts and an increased conductivity over the sulfide 
counterparts indicating their promise as PEM's.~'g'9 These alkali thio-hydroxogermanates 
have also been found to be reversibly hydrated and dehydrated according to vibrational 
spectroscopy investigations.10 Work has also been performed on an all oxide system 
M3HGe~O16•xH2O where M=Li, Na, K, Rb, Cs and x=0-6.11'12 The maximum proton 
conductivity reached for these materials was ~ 10-3 (S~cm)-1 at 300 °C for 
Rb3HGe~O16•4H2O.12 In order to increase the ionic conductivity, Si4+ was substituted for 
Ge4+ which was expected to weaken the electrostatic interaction between mobile cations, 
resulting in an increase in the cation conductivity. Materials of the form M3HGe~_ 
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mS1mO16•xH2O where M=K, Rb, Cs, 0<m<3, and x=0-4 were synthesized and were observed 
to show an increase in the cation conductivity and a decrease in the activation energy with 
increasing silicon.13
A mechanochemical hydrothermal reaction method is used to promote reaction with 
the silicon dioxide in water. This method has previously been shown to work in the Mg0-
Si02 and Mg(OH)2-SiO2 system where amorphous products were obtained through 
hydrothermal reactions.14,1s Avvakumov et al. was able to show that hydrated oxides react 
faster mechanochemicaliy than for anyhydrous oxide mixtures.16'17
In this work we expand on the previously synthesized alkali thio-hydroxogermanates 
of the form MXGeSx(OH)4_x•yH2O, specifically focusing on the rubidium system which was 
shown to have the best combination of proton conductivity and thermal stability. Efforts will 
be made to improve the thermal stability and proton conductivity by substituting Si4+ for 
Ge4+. A different synthesis method will be employed, hydrothermal mechanochemical, in 
order to increase the reaction of the SiO2 in water. 
Experimental Section 
Sample preparation. Samples of the form RbxGeZSi~ l _Z~Sx(OH)4_x•yH2O were 
prepared by placing 0.5 g batches of stoichiometric amounts of RbSHig, commercial quartz-
type GeO2 (Cerac 99.999%, 325 mesh), and amorphous SiO2 (Alfa 99.9%) in 5 ml 
deionized (DI) water in a Fritsch Pulverisette-6 planetary mono mill with 10 milling balls, 10 
mm in size, with both ZrO2 bowl and balls. Planetary milling was used in order to decrease 
the particle size, thus increasing the surface area available to increase the reaction. The 
corresponding reactions may be written as 
zRbSH + xGeO2 + (1-x)SiO2 + (y + 2 — z)H2O --~ (1) 
RbZGexSll -xSZ(OH)4_Z•yH2O, 2<_z_<3, 0.5<x<_1.0. 
Samples were milled for 2 hours at 200 rpm and then transferred to a polypropylene jar on a 
hot plate at ~75 °C to dry. A dried film was deposited after allowing the excess water to 
evaporate at ~75 °C. Samples were then stored under a dry N2 atmosphere where 
preparations for sample characterizations were performed. 
Structural characterizations. Structural investigations were performed using X-ray 
diffraction (XRD), infrared (IR) absorption, Raman (Ra) scattering, and scanning electron 
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microscope energy dispersive spectrometry (SEM-EDS). The powder XRD spectra were 
collected at 298K with a Scintag XDS-2000 diffractometer using Cu Ka radiation 
(~,=1.54178A), 40 kV, and 30 mA. Scans were performed between 20° to 60° 28 using a 
0.02° step size and a 0.5 sec dwell time. Powdered samples were packed into a recessed 
square polycarbonate sample holder and covered with 0.001 inch thick Kapton® (Polyimide) 
tape to seal out atmospheric moisture. The IR absorption spectra were collected at 298 K 
with a Bruker IFS 66v/S spectrometer using 32 scans and 4 cm-1 resolution in both the Mid-
IR and Far-IR regions. Translucent CsI pellets were prepared for transmission by mixing in 
1 wt. % of powder sample and pressing. The Raman scattering spectra were collected at 
298 K with a Bruker FT-Raman RFS 100/S spectrometer using a 1064 nm Nd:YAG laser, 32 
scans, 2 cm-1 resolution, and 300 mW of power focused on a ~0.1 mm diameter spot size. 
SEM-EDS measurements were performed using a Jeol JSM-6060LV system with an Inca 
EDS-7582. The samples were pressed into pellets and sputtered in gold (~5 nm) in a NZ
atmosphere. 
Thermal characterizations. Thermal mass loss measurements were performed with 
a Perkin Elmer Thermogravimetric Analyzer TGA 7 (TGA). About 10 mg of sample was 
placed in an open aluminum sample pan. The sample was then heated at a rate of 10 °C/min 
from 50 to 500 °C using 20 mL/min flow of N2 as the sample purge gas. 
Conductivity measurements. A.C. impedance data was collected with a Gamry 
PC4/750 potentiostat in the frequency range of 0.2 Hz to 100 kHz using 0.5 V amplitude on 
compacted powder samples. Hardened steel blocking electrodes with a 6.35 mm OD were 
pressed inside an undersized Teflon sleeve containing ~60 mg of sample. A pressure of 562 
MPa was applied to produce an average pellet thickness of ~0.4 mm. Constant pressure was 
maintained on the pellet during the measurement by the electrodes and an aluminum `O' -
frame insulated from the electrodes with Teflon. The pellet/electrode/frame assembly was 
contained inside a mullite cell that maintained about one atmosphere of N2. Hydrated 
impedance runs were performed by bubbling dry air (~-0% R.H. at STP) through a controlled 
temperature water bath (T ~ 50 °C). The bottom of the cell was placed into acustom-built 
crucible furnace and data was collected using increments of 10 °C after allowing the sample 
temperature to stabilize for twenty minutes. The d.c. conductivity values were determined 
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from the intersection of the observed depressed semicircle and the low frequency polarization 
"tale" in the Nyquist plot of the complex impedance. 
Results and Discussion 
Sample Preparation. Amorphous products were obtained which are consistent with 
the evaporation-precipitation synthesis method used. The resulting dried material was in the 
form of a translucent film. At room temperature in humidified air, the rubidium thio-
hydroxosilicogermanates readily absorbs water and are very soluble in water, similar to alkali 
salts. This strong affinity for water affects the stoichiometry of the final product in that 
different amounts of intercalated water can be present in the sample with slightly different 
experimental conditions. Under non-humidified conditions, the samples are very stable and 
easily pressed into powder pellets. 
Structural Characterizations: XRD. The powder X-ray diffractograms indicate 
that the substitution of small amounts of Si4+ for Ge4+ results in a noncrystalline material for 
the 2RbSH + xGe02 + (1-x)Si02 + yH2O samples which was observed for the previously 
synthesized alkali thio-hydroxogermanates.5 Figure 1 shows the diffractograms for 2RbSH + 
xGe02 + (1-x)Si02 + nH2O (x=1.0, 0.8, 0.6) and 3RbSH + xGe02 + (1-x)Si02 + nH2O 
(x=1.0, 0.8, 0.6). The samples were covered a Polyimide tape in order to prevent sample 
hydration at room temperature. There were no observed peaks that were distinguishable 
from the polycarbonate holder background from 20 to 60° 28 for the 2RbSH + xGe02 + (1-
x)Si02 + nH2O samples. There was no evidence of unreacted RbSH, Ge02, Si02, or Zr02
from the milling bowl and ball media. Weak peaks were present for the x=0.8 and x=0.6 of 
3RbSH + xGe02 + (1-x)Si02 + nH2O perhaps indicating asemi-crystalline structure. 
Crystalline (3-Si0219, SiS220, Ge0221, and GeS222 were shown for reference. It does appear 
that there is a low percentage of crystalline products for the 3RbSH + xGe02 + (1-x)Si02 + 
nH2O samples. The resulting X-ray amorphous materials are consistent with the employed 
synthesis route of planetary milling and then evaporating-precipitating at ~75 °C. Crystalline 
products have been obtained for similar binary samples, Na2GeS2(OH)2•SH2O and 
Na3GeS3(OH)•8H2O by using large amounts of acetone at room temperature in order to 
isolate the crystalline phases.23'24 The proposed structural model is a metal anion, either 
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germanium or silicon, tetrahedrally coordinated by sulfur anions and hydroxide ions. The 
sulfur anions are terminated by rubidium cations. 
Structural Characterizations: IR. The infrared spectra indicate a mixed system 
with both germanium and silicon bonding to both oxygen and sulfur and the presence of 
hydrated water. Figures 2 and 3 show the spectra for samples of the form 
Rb2(GeXSi I _X)S2(OH)2•yH2O and Rb3(GeXSll_X)S3(OH)•yH2O, respectively. The previously 
synthesized amorphous 2RbSH + GeO2 + yH2O is observed to have vibrations at 450, 622, 
and 780 cm-1 associated with vibrations from asymmetric Ge-S-, Ge-OH, and Ge-O-, 
respectively.5 Water bands associated with O-H stretching and H-O-H bending are observed 
at 3370 and 1655 cm-1, respectively. The doping of Si4+ for Ge4+ results in the addition of 
numerous vibrational modes. At x=0.9, a band appears at 950 cm-1 which can be assigned 
to the asymmetric Si-O stretching of the Si-OH group.14 This mode is observed to broaden 
as more silicon is added.25 It is observed that as the concentration of GeO2 decreases from 
x=0.9 to 0.6, the intensity of the asymmetric stretching band at 780 cm- ~ decreases and 
shifts to lower wavenumbers, indicating stronger bonding. The intense asymmetric vibration 
associated with Ge-S- is observed to decrease in intensity with the reduction of germanium in 
the sample. The mode at 667 cm-1 has previously been reported as the stretching vibration 
for the Si-S- bond.25 The addition of SiO2 also results in a decrease in the O-H stretching 
vibrations at 3360 cm-1 perhaps indicating that the retention of water in the sample is due to 
the presence of germanium, not silicon. There is a very weak O-H bending mode at ~ 1655 
cm-1 for the x=0.9 of 2RbSH + xGeO2 + (1-x)SiO2 + yH2O but it is observed to disappear 
with further additions of SiO2. The O-H bending mode is present at 1655 cm-1 for x=1.0 to 
x=0.7 for the 3RbSH + xGeO2 + (1-x)SiO2 + yH2O samples which indicates that higher 
concentrations of alkali lead to larger amounts of intercalated water. 
Structural Characterizations: Raman. Figure 3 shows the corresponding Raman 
spectra for the as-prepared zRbSH + xGeO2 + (1-x)SiO2 + yH2O (z=2 and 3, 0.5<x<_ 1.0) 
samples. The Raman spectra for 2RbSH + GeO2 + yH2O and 3RbSH + GeO2 + yH2O was 
previously reported with peak intensities between 483 and 358 cm- ~ associated with 
stretching modes of terminal Ge-S-, bridging Ge-O-Ge units and of nonbridging Ge-O- (H+) 
and Ge-O- (M+) units.s The substitution of Si4+ for Ge4+ results in a new peak at 460 cm-l. 
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It has previously been reported that the substitution of Si for Ge in GeS2 units results in 
additional Raman lines between 450 and 550 cm- ~, perhaps explaining the evolution of the 
peak at 460 cm-1.26 The intensity of the symmetric stretching Ge-S- mode at 420 cm-I is 
observed to decrease in intensity as the concentration of Si4+ increases. There does not 
appear to be a vibrational mode associated with bridging Ge-S-Ge modes (340 cm-1) which 
would indicate our proposed structure is incorrect.27
Structural Characterizations: SEM-EDS. Table 1 shows the results for the four 
samples investigated using X-ray diffraction, 2RbSH + 0.6Ge02 + 0.4Si02, 2RbSH + 
0.8Ge02 + 0.2Si02, 3RbSH + 0.6Ge02 + 0.4Si02, and 3RbSH + 0.8Ge02 + 0.2Si02. The 
EDS results agree well with trends that are to be expected for the samples investigated. 
Within each system, the xRbSH + 0.8Ge02 + 0.2Si02 sample was found to have more 
germanium and less silicon than the corresponding xRbSH + 0.6Ge02 + 0.4Si02. Larger 
percent errors were observed for the silicon and oxygen atoms which were to be expected. 
Silicon is very light and present in such small weight percents that accuracy is difficult. 
Errors were observed for oxygen because the exact amount of intercalated water upon 
exposing the samples to air momentarily when placing in the SEM is not known so 
theoretical calculations were performed assuming anon-hydrated sample. 
Thermal Characterizations: TGA. Figures 4 and 5 present the TGA thermograms 
for the as-prepared 2RbSH + xGe02 + (1-x)Si02 + yH2O and 3RbSH + xGe02 + (1-x)Si02 + 
yH2O, respectively. Continuous mass loss is observed above the preparation temperature of 
~75 °C with open sample pans purged under a nitrogen atmosphere. Both of the x=1 samples 
for 2RbSH + xGe02 + (1-x)Si02 + yH2O and 3RbSH + xGe02 + (1-x)Si02 + yH2O have the 
highest amount of intercalated water. It was previously shown for the alkali thio-
hydroxogermanates that the inflection point between 200-300 °C is attributed to the removal 
of molecular water associated with the hydrated cation shell. A second inflection point 
around 400-450 °C is attributed to the thermal decomposition of hydroxyl groups and the 
formation of bridging oxygens.5 A second inflection point is not easily observed for the 
2RbSH + xGe02 + (1-x)Si~2 + yH2O materials indicating perhaps a higher temperature 
inflection point, however, an inflection point is observed for 3RbSH + xGe02 + (1-x)Si02 + 
yH2O samples around 450 °C. The presence of this inflection point for the higher alkali 
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samples agrees with the conductivity data in that the thermal stability is less for these 
samples compared to the 2RbSH + xGe02 + (1-x)Si02 + yH2O samples. This decrease in 
thermal stability could be due to the fact that the 3RbSH + xGe02 + (1-x)Si02 + yH2O 
samples have more alkali modifier which acts to breaks up the structure thereby reducing the 
thermal stability. 
Conductivity Measurements. d.c. impedance measurements indicate that the 
substitution of Si4+ for Ge4+ reduces the proton conductivity for both the 2RbSH + xGe02 + 
(1-x)Si02 + yH2O and 3RbSH + xGe02 + (1-x)Si02 + yH2O amorphous materials. Figures 6 
and 7 show the Arrhenius temperature dependent plot of d.c. conductivity for the as prepared 
2RbSH + xGe02 + (1-x)Si02 + yH2O and 3RbSH + xGe02 + (1-x}Si02 + yH2O, respectively. 
The conductivity drops over an order of magnitude at 120 °C from ~10-3.4 S/cm for the 
undoped sample, 2RbSH + Ge02 + 1.7H2O, to ~ 10-4.s S/cm for 2RbSH + 0.9Ge02 + 0.1 Si02
+ 0.8H2O, respectively, using a low pressure sealed holder for the pressed powder samples 
which helps to minimize effects from different thermal histories. A similar conductivity 
decrease was observed for the 3RbSH + xGe02 + (1-x)Si02 + yH2O samples upon 
substitutions of Si4+ for Ge4+, Figure 7. The proton conductivity at 120 °C for the undoped 
3RbSH + Ge02 + yH2O sample was ~ 10-2.6 S/cm and was ~ 10-3~5 S/cm for the 3RbSH + 
0.9Ge02 + 0.1 Si02 + 1.1 H2O sample. The conductivity was found to be highly dependent on 
both the amount of silicon and intercalated water present in the dry N2 atmosphere. In 
general, as the concentration of germanium decreases, the amount of intercalated water 
present decreases, leading to a decrease in the proton conductivity. This result indicates that 
germanium plays a large role in the amount of intercalated water present leading to fast 
proton conductivities observed for the binary rubidium thio-hydroxogermanates (6d.~.> 10-3
S/cm). 
Thermal conductivity cycling was performed to determine the ratio of proton to alkali 
mobility. The first conductivity heating cycle is performed on the as prepared material 
heated from ~25 to 280 °C. The cell is then cooled back to room temperature and the 
second run is performed on the now dehydrated material, resulting in only alkali mobility 
(here rubidium) as opposed to the first cycle where it is dominated by proton motion (with 
some rubidium motion). It is evident from the infrared spectra in Figure 2 that the presence 
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of vibrational modes associated with b(H20) modes leads to enhanced proton conductivity 
while samples without this peak in the infrared have no observable proton conductivity (i.e. 
their first and second cycle conductivity runs are the same). The two different possible 
proton conduction mechanisms are vehicle and free-proton types (Grotthuss). It is observed 
in these materials that as the amount of hydrated water is increased, the proton conductivity 
increases, indicating that the conduction method is due to this extrinsic water in afree-proton 
type mechanism. 
d.c. impedance measurements were also performed in the presence of low levels of 
humidity, ~6%, for the 2RbSH + xGe~2 + (1-x)Si02•yH2o samples, Figure 8. d.c. 
conductivities for the low R.H. measurements of the alkali thio-hydroxosilicogermanates 
were dependent on the amount of Si02 present. For x=0.9, the d.c. conductivity is between 
10.4 and 10-2 S/cm for temperatures between 60 and 200 °C, respectively (R.H. ~ 6%). Both 
the x=0.9 and x=0.8 samples show a large increase in their low temperature conductivities 
with the presence of a low levels of humidity. Figures 9 and 10 show a comparison between 
the d.c. conductivities for both the hydrated and non-hydrated experiments at 60 and 120 °C, 
respectively. It is observed that the d.c. conductivity is improved at both 60 and 120 °C 
within the presence of hydration, once again indicating the importance of water in these 
systems for the proton conductivity. The large increase (~4 orders of magnitude) in the 
conductivity at 60 °C to ~ 10.4 S/cm makes these materials more applicable for use in proton 
exchange membrane fuel cells. 
Summary and Conclusions 
In summary, a series of novel amorphous hydrated alkali thio-
hydroxosilicogermanates of the form zRbSH + xGe02 + (1-x)Si02 + yH2O where 2<_z<_3 and 
0.5<_x_<1.0 are synthesized from hydrothermal reactions and characterized with respect to its 
structure, conductivity, and thei~lial properties. In general, the samples were found to be x-
ray amorphous with high amounts of Si02 resulting in semi-crystalline materials for 3RbSH 
+ xGe02 + (1-x)Si02 + nH2O, x=0.6. The amorphous nature is consistent with the 
mechanochemical hydrothermal evaporation-precipitation synthesis method. The vibrational 
spectra indicate the presence of a mixed system with both germanium and silicon bonded to 
nonbridging oxygen and sulfur anions. There is also extensive hydrogen bonding observed 
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through O-H stretching modes and bending modes in some samples which leads to higher 
proton conductivities. Maximum d.c. conductivity values of ~ 10-4.s and ~ 10-3.5 S/cm at 120 
°C were obtained for small SiO2 doping amounts for 2RbSH + 0.9GeO2 + 0.1SiO2 + 0.8H2O 
and 3RbSH + 0.9GeO2 + 0.1 SiO2 + 1.1 H2O, respectively. These conductivity values were an 
order of magnitude less than the binary alkali thio-hydroxogermanates previously 
synthesized indicating that the addition of Si4+ for Ge4+ does not weaken the electrostatic 
interaction between mobile cations and framework anions but instead acts as a barrier to 
proton conduction. However, the presence of humidity during the d.c. conductivity 
experiments for 2RbSH + xGeO2 + (1-x)SiO2 + nH2O resulted in a four order of magnitude 
increase in the proton conductivity at 60 °C to 10.4 S/cm and a smaller increase at 120 °C to 
10-3 S/cm. 
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Table 1. SEM-EDS results using a Jeol JSM-6060LV system with an Inca EDS-7582. 
Samples were pressed into 0.5 inch diameter pellets and sputtered in gold in a N2
atmosphere. 
Sample Rb Ge Si S ~ 
2RbSH+0.6Ge02+0.4Si02 
Theoretical Weight % 52.8 13.5 3.47 19.8 9.88 
EDS Weight % 50.3 22.7 4.79 15 7.16 
2RbSH+U.8Ge02+0.2Si02 
Theoretical Weight % 51.4 17.5 1.69 19.3 9.61 
EDS Weight % 48.7 26.6 3.46 15.6 5.77 
3RbSH+0.6Ge02+0.4Si02 
Theoretica{ Weight % 60.4 10.3 2.65 22.7 3.77 
EDS Weight % 54.9 12.7 3.68 17.2 11.5 
3RbSH+0.8Ge02+0.2Si~2 
Theoretical Weight % 59.2 13.4 1.3 22.2 3.69 
EDS Weight % 54.3 16.8 2.72 17.8 8.37 
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Figures 
Figure 1. Powder XRD diffractograms for the as prepared 2RbSH + xGe02 + (1-x)Si02 + 
nH2O and 3RbSH + xGe02 + (1-x)Si02 + nH2O (x=1.0, 0.8, 0.6). Scans were obtained from 
finely powdered samples covered in 0.001 inch thick Kapton0 (Polyimide) tape. An empty 
polycarbonate sample holder covered with tape is shown as a reference. Major peaks from 
crystalline (3-Si02, SiS2, Ge02, and GeS2 are also shown for reference. 
Figure 2. Infrared absorption spectra for the as prepared zRbSH +xGe02 + (1-x)Si02 + 
nH2O (z=2 and 3, 0.5<_x<_1.0). Vibrational modes located at 950, 780, 667, and 450 cm-1 are 
attributed to Si-O-, Ge-O-, Si-S-, and Ge-S- bond stretch vibrations. O-H stretching and 
bending vibrations are observed at 3370 and 1655 cm-1, respectively. H2O and O-H 
liberation modes are present as sharp bands between 1446 and 534 cm-1 s 
Figure 3. Raman scattering spectra for the as prepared zRbSH +xGe02 + (1-x)Si02 +nH2O 
(z=2 and 3, 0.5<x<_1.0). Stretching vibrations associated with the Ge-S- bond are located 
between 385 and 443 cm-1. A vibrational mode at 460 cm-1 is attributed to the substitution 
of Ge4+ by Si4+. Sharp vibrational peaks above 460 cm-1 may be attributed to H2O and O-H 
rotary modes. 
Figure 4. TGA thermograms for the as prepared 2RbSH +xGe02 + (1-x)Si02 +nH2O. 
Samples were placed in an open aluminum pan, heated at 10 °C/min, and purged with N2. 
Continuous mass loss is observed above the synthesis temperature of ~75 °C with a change in 
the slope observed between 280 and 290 °C attributed to the formation of bridging oxygens. 
Figure 5. TGA thermograms for the as prepared 3RbSH +xGe02 + (1-x)Si02 +nH2O. 
Samples were placed in an open aluminum pan, heated at 10 °C/min, and purged with N2. 
Continuous mass loss is observed above the synthesis temperature of ~75 °C with a change in 
the slope observed between 240 and 270 °C attributed to the formation of bridging oxygens. 
Figure 6. Arrhenius temperature dependent plot of d.c. conductivity for the as prepared 
2RbSH + xGe02 + (1-x)Si02 + nH2O, both first and second heating cycles. Measurements 
were performed using 10 °C steps and 20 min stabilization times on compacted powder 
pellets sealed in a Teflon sleeve by hardened steel electrodes. 
Figure 7. Arrhenius temperature dependent plot of d.c. conductivity for the as prepared 
3RbSH + xGe02 + (1-x)Si02 + nH2O, both first and second heating cycles. Measurements 
were performed using 10 °C steps and 20 min stabilization times on compacted powder 
pellets sealed in a Teflon sleeve by hardened steel electrodes. 
Figure 8. Arrhenius temperature dependent plot of d.c. conductivity values for 2RbSH + 
xGe02 + (1-x)Si02 +nH2O at ~ 1 atm using ~6% R.H produced by bubbling air through a 
water bath at ~50 °C. 
45 
Figure 9. The observed effects of the presence of small amounts of humidity for 2RbSH + 
xGe02 + (1-x)Si02 + nH2O at ~ 1 atm and 60 °C. The presence of humidity increases the 
conductivity for all samples, 0.5<_x<_ 1.0. 
Figure 10. The observed effects of the presence of small amounts of humidity for 2RbSH + 
xGe02 + (1-x)Si02 + nH2O at ~ 1 atm and 120 °C, ~6°Io R.H.. The presence of humidity 
increases the conductivity for all samples, 0.5<_x<_1.0. 
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CHAPTER 3. GENERAL CONCLUSIONS 
General Discussion 
In conclusion, samples were prepared in order to improve upon the previously 
synthesized alkali thio-hydroxogermanates. Anew synthesis method was used in order to 
ensure reaction by both robust oxides, Ge02 and Si02 which involved use of a planetary mill. 
Samples were milled for 2 hours at 200 rpm in 5 ml deionized water. The act of planetary 
milling introduces additional energy into the system which helps to promote reaction. 
Planetary milling also reduces the overall particle size which increases the surface area, 
increasing the rate of reaction. The majority of the resulting products using planetary milling 
were amorphous (high Sio2 contents induced some crystallization). The introduction of Si4+
for Ge4+ did not greatly affect the thermal stability; however, the proton conductivity was 
much decreased. The addition of silicon appears to decrease the amount of intercalated water 
present in the samples, which is what is responsible for proton conduction. There is an order 
of magnitude decrease in the proton conductivity at 120 °C with the substitution of even 0.10 
moles of Si02 for Ge02. 
The motivation behind the substitution of Si4+ for Ge4+ was that Si4+ is more covalent 
than Ge4+ and its addition would reduce the electrostatic interaction between mobile cations 
and the framework anions, thus increasing conduction. However, it appears that the 
substitution of silicon for germanium only works to bind up the mobile cations (protons). 
The impedance measurements performed in the presence of humidity had much higher 
conductivities at low temperatures indicating that the mobile species are definitely protons. 
There was a ~4 order of magnitude increase in the conductivity at 60 °C for the hydrated 
experiments versus the non-hydrdated. A low temperature conductivity of ~ 10-4 S/cm makes 
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these materials much more applicable for use in PEMFC's. The cost of these materials was 
an issue and since Si~2 is much cheaper than Ge02 so the overall cost of these alkali thio- 
hydroxosilicogermanates is less than for the alkali thio-hydroxogermanates. 
The overall goal of this project was to develop a material with a thermal stability of at 
least 200 °C and proton conductivities greater than 10-3 S/cm at 120 °C. Under low relative 
humidity levels, these novel rubidium thio-hydroxosilicogermanates meet both the thermal 
stability and proton conductivity requirements at 120 °C as well as have high proton 
conductivities of 10
.4 S/cm at 60 °C. 
Future ReseaYch 
Future research will include testing the effect of higher levels of humidity on the 
rubidium thio-hydroxosilicogermanates proton conductivity. Since the conductivity is so 
highly dependent on the presence of extrinsic water, conductivity measurements performed 
in humidified air should result in increased proton conductivities. Future research will also 
involve substituting other metal oxides for germanium oxide in order to maintain the same 
thermal stabilities and improve upon proton conductivities compared with the binary alkali 
thio-hydroxogermanates. Possibilities for these metal oxides include Zr02 and Ti02. These 
materials were tested preliminarily and were found to have slightly lower thermal stabilities 
(~up to 180 °C), but comparable to slightly higher proton conductivities to the thio-
hydroxogermanates. Initial investigations into the alkali thio-hydroxozirconogermanates and 
alkali thio-hydroxotitanogermanates revealed unreacted Zr02 and Ti02. Future research 
would involve varying the planetary milling times and speeds in order to further promote 
these reactions. 
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